A validated model to incorporate the effects of residual
stresses in glass structures by Balan, B.
Or
al
 p
re
se
nt
er
06
26 | The Institution of Structural Engineers | Proceedings of the 17th Young Researchers’ Conference | 14 April 2015
A validated model to incorporate the effects of residual 
stresses in glass structures
Bogdan Balan
University of Southampton
Background
(S[OV\NONSHZZVќLYZNYLH[WV[LU[PHS[VIL\ZLKPU[OLI\PS[
environment, design of glass structures is challenging for 
structural engineers due to its brittle material behaviour. 
In glass, high localised stresses cannot be redistributed 
(IStructE, 2014) and therefore conventional structural design 
approaches of steel and concrete are not appropriate 
for design of glass structures. Most of the design 
recommendations are based on rules of thumb (IStructE, 
2014); the allowable stress design approaches focus on 
L_[LYUHSSVHKZVUS `ULNSLJ[PUN[OLLќLJ[VMYLZPK\HSZ[YLZZLZ
^OPJOPUOLYLU[S`HYLWYLZLU[PUNSHZZ;OLTPZÄ[Z[YHPUZPL
eigenstrains) developed during the cooling process of glass 
in the manufacturing process, generate residual stresses 
and there is no method currently used in practical designs to 
incorporate these residual stresses.
Project objectives / outputs
 ¶ +L]LSVWTLU[VMHUHJJ\YH[LHUHS`[PJHSU\TLYPJHS[VVS
to characterise residual stress in glass.
 ¶ ,Z[HISPZOTLU[VMH]HSPKH[LK[LJOUPX\L[VPUJVYWVYH[L
[OLLќLJ[VMYLZPK\HSZ[YLZZLZPUKLZPNUZ
 ¶ Prediction of the structural response of practical 
structural glass elements.
Description of method and results
(ZPTWSLHUKJVU]LUPLU[^H`VMPUJVYWVYH[PUN[OLLќLJ[
of residual stress in designs is needed and the eigenstrain 
concept provides a good solution (Achintha and Nowell, 
2011). The new hybrid contour method/eigenstrain method 
(Balan and Achintha, 2014) proposed here is able to 
construct residual stresses in glass using the knowledge 
VM[OLTPZÄ[Z[YHPUZPLLPNLUZ[YHPUZ;OLYLZ\S[ZVI[HPULK
based on the surface deformation (due to stress relaxation) 
in the contour method are used in an inverse analysis to 
KL[LYTPUL[OLLPNLUZ[YHPUWYVÄSLVMNSHZZLSLTLU[Z;OLZ[LW
by step procedure of the proposed method is shown in Fig 
1.
The residual stresses determined using the hybrid method 
were validated against experimental results of a scattered 
SPNO[WVSHYPZJVWL-VY[OLZ[\K`NSHZZZHTWSLZVMÅVH[HUK
tempered glass with surface dimensions of 150 x 100 
mm and varying in thickness from 4 mm to 10 mm were 
PU]LZ[PNH[LK+\L[VZWHJLSPTP[H[PVUVUS`[OLYLZ\S[ZMVY
mm and 10 mm are presented here in Table 1. The table 
compares the residual stress values in the glass samples 
obtained using the hybrid method with those using the 
ZJH[[LYLKSPNO[WVSHYPZJVWL;OLÄYZ[[^VJVS\TUZVM[OL
table show the results obtained from the hybrid model at 
Z\YMHJLHUKTPKKLW[O^OPSL[OLSHZ[[^VJVS\TUZZOV^[OL
L_WLYPTLU[HSYLZ\S[ZH[[OLZ\YMHJLHUKYLZWLJ[P]LS`TPK
depth.
;OLÄUKPUNZZOV^[OH[NSHZZOHZHWHYHIVSPJZ[YLZZ
distribution, with surface compression on each side 
IHSHUJLKI`TPK[OPJRULZZ[LUZPVU;OLZ\YMHJL
compression represent on average ~ 20 % of the thickness, 
while the middle tension zone represent on average ~ 60 
PYYLZWLJ[P]LVM[OL[`WLVMNSHZZPLÅVH[VY[LTWLYLK
Moreover, the present results agree with the data available 
in the literature (IStructE, 2014). Fig 2 compares the stress 
KLW[OWYVÄSLѓ__HSVUNHTT[OPJRÅVH[NSHZZZHTWSL
obtained using the hybrid method and experimental 
procedure. As can be seen there is a good agreement 
IL[^LLU[OL[^VWYVÄSLZ
Potential for application of results
 ¶ Correct prediction of failure*VTIPULKLќLJ[ZVM
residual stresses and applied stresses represent a 
cause of premature failure in structural elements, thus 
[OLRUV^SLKNLVMYLZPK\HSZ[YLZZLZWSH`HZPNUPÄJHU[YVSL
towards safe designs of glass structures. Investigations 
have shown that by failing to consider the correct 
amount of initial residual stress in analysis of glass 
LSLTLU[ZJHUYLZ\S[PU\UKLYKLZPNUPUN[OLLSLTLU[^P[O
~ 50 %.
 ¶ Determine high areas of stress concentrations. The 
lack of yielding capacity suggests that areas of high 
localised stress concentrations should be avoided. 
By correctly incorporating residual stresses in glass 
analysis this can be accomplished. For example, results 
have shown that in order to avoid high localised stress 
concentrations around holes in glass plates, the hole’s 
KPHTL[LYZOV\SKILOPNOLYVYLX\HS^P[O[OL[OPJRULZZ
of the glass plate.
 ¶ Determine the safe distance of the connection away 
from elements edges;OLPU]LZ[PNH[PVUZVMHUPUWSHUL
loaded pinned joint connection has shown that even 
when the connection is not loaded the compressive 
surface stress is decreasing as the hole is closer to the 
free edge of the element. The results suggest that the 
hole should be at a distance of at least three times the 
[OPJRULZZVM[OLNSHZZWSH[L[VLUZ\YL[OH[P[VќLYZ[OL
YLX\LZ[LKYLSPHIPSP[ `
%HQHŵWVWRVWUXFWXUDOHQJLQHHULQJSURIHVVLRQ
 ¶ ;OLWYVWVZLKTL[OVKVќLYZHYVI\Z[[VVS[OH[HSSV^Z
incorporating residual stresses in structural design.
 ¶ ;OLJVTWSL_T\S[PWO`ZPJZWYVISLTILOPUKYLZPK\HS
Z[YLZZLZPZZPTWS`HUKLѝJPLU[S`HJJV\U[LKZV[OH[
engineers can determine residual stresses in new glass 
elements without experimental procedures or daunting 
FE procedures.
 ¶ Safe and sustainable designs can be achieved if 
residual stresses are correctly implemented.
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Summary
The hybrid modelling approach works well to model residual 
stresses in glass, providing validated results. The current 
method enables modelling of residual stresses in new 
geometries (e.g. stress concentrations around hole) and or 
K\YPUNZ\IZLX\LU[SVHKPUN;OPZHSSV^ZJVYYLJ[S`WYLKPJ[PUN
the structural behaviour of glass elements and in terms a 
safe, reliable and sustainable design. 
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Table 1*VTWHYPZVUVMYLZPK\HSZ[YLZZYLZ\S[ZѓxxPUKPќLYLU[NSHZZZHTWSLZ
Glass type/ 
thickness
Hybrid 
Surface 
(MPa)
Hybrid 
Mid-depth 
(MPa)
Experimental 
Surface 
(MPa)
Experimental 
Mid-depth 
(MPa)
Float / 4 mm  1.5  
Float / 10 mm  3.5  4.0
Tempered / 4 mm      51.0
Tempered / 10 mm  50.0  
Figure 2*VTWHYPZVUVMZ[YLZZWYVÄSLZѓxx) for a 10 mm 
[OPJRÅVH[NSHZZZHTWSL
Figure 1. Step-by-step procedure of proposed method
